We explore heterogeneities in the determinants of innovating firms' decisions to engage in R&D cooperation, differentiating between four types of cooperation partners: competitors, suppliers, customers, and universities and research institutes (institutional cooperation). We use two matched waves of the Dutch Community Innovation Survey (in 1996 and 1998) and apply system probit estimation. We find that determinants of R&D cooperation differ significantly across cooperation types. The positive impact of firm size, R&D intensity, and incoming source-specific spillovers is weaker for competitor cooperation, reflecting greater appropriability concerns. Institutional spillovers are more generic in nature and positively impact all cooperation types. The results appear robust to potential simultaneity bias. D
Introduction
The growing role of R&D collaboration in firms' innovative activities (Hagedoorn, 2002) has spurred research into the determinants of R&D cooperation and the effects of cooperative R&D. Two major strands of theoretical literature can be distinguished. The Industrial Organization (IO) literature has extensively examined the incentives and welfare effects of R&D cooperation among competing firms, focusing on the role of R&D investments and R&D spillovers. Theoretical contributions in the management literature have stressed that R&D collaboration aims at minimizing transaction costs and exploiting complementary know-how between partner firms (e.g. Kogut, 1988; Das and Teng, 2000) . Empirical work on R&D cooperation has utilized micro-level survey data from the European Community Innovation Surveys (CIS), and has focused mainly on the impact of firm size and R&D intensity as determinants of cooperation (Becker and Dietz, 2002; Leiponen, 2001; Kaiser, 2002; Veugelers, 1997) .
Most of the existing literature does not distinguish R&D cooperation by type of partner (e.g. competitors, suppliers, clients, universities) but instead aggregates over R&D cooperation types, with some notable recent exceptions. Kaiser (2002) distinguishes between vertical cooperation (cooperation with suppliers and customers) and a mix of other R&D partnerships in analyzing cooperative R&D by German service firms. , using CIS-I data on Belgian firms in 1994, distinguished between university-firm cooperation and cooperation with vertically related partners, but did not consider cooperation with competitors. Fritsch and Lukas (2001) differentiate cooperation by type of partner to focus on the impact of firm size and R&D intensity on the propensity to cooperate among German manufacturing firms. Tether (2002) distinguishes suppliers, customers, competitors, universities and consultants in his sample of UK CIS-II firms. Leiponen (2001) considers cooperation with competitors, customers, suppliers and universities using 1997 CIS data for Finnish manufacturing firms. These studies have in common that they only had cross-section data at their disposal and hence have grappled with the problem of a simultaneous relationship between R&D cooperation and R&D intensity and spillovers. Another feature of these studies is that they have treated the different cooperation strategies as independent, not taking into account possible correlations between the strategies that could be due to complementarities.
In this paper we consider heterogeneity in R&D cooperation by exploring differences in the determinants of innovating firms' decisions to establish different types of cooperation: with competitors (horizontal), with suppliers or customers (vertical), and with universities and research institutes (dinstitutionalT cooperation). We take into account a broad set of possible explanatory variables, but we concentrate particularly on the impact of different types of spillovers, a central focus in the industrial organization literature. Furthermore, while previous studies have investigated the propensity to establish different types of R&D partnerships in separate models, we allow for possible correlations between R&D cooperation strategies, by applying a system method of estimation for dichotomous variables. In addition, we are able to limit simultaneity bias by employing lagged explanatory variables utilizing two waves of Dutch CIS surveys in 1996 and 1998. We further check the robustness of the results to potential simultaneity bias by estimating a model limiting the analysis to firms that had no R&D cooperation in 1996, examining the determinants of the propensity to establish new cooperation agreements in 1998.
The remainder of this paper is organized as follows. The next section provides a brief overview of the theoretical and empirical literature on R&D cooperation. Section 3 explains the empirical model used and describes the dataset. Section 4 presents the results and Section 5 concludes.
R&D cooperation: theoretical and empirical models

Theoretical models
Models that seek to answer the questions why and what kinds of firms seek to perform joint research activities are grounded in several theoretical approaches. We will first review the Industrial Organization (IO) literature, after which we briefly discuss relevant literature in the domains of management and technology (policy).
The IO literature has focused on the relationship between two kinds of spillovers and R&D cooperation. On the one hand, there are measures of the importance of external information flows for the firm's innovation process. These are incoming spillovers. On the other hand, firms attempt to appropriate the benefits of their innovations by controlling information flows out of the company. These are outgoing spillovers. Spillovers can refer to both involuntary leakage and voluntary transfers of knowledge between market participants. When spillovers are considered to be at least partly voluntary, firms that are partners in R&D cooperation can improve on incoming knowledge transfer through information sharing (Kamien et al., 1992; Katsoulacos and Ulph, 1998) . In most theoretical models of R&D cooperation, incoming and outgoing spillovers are treated as symmetric and exogenous to the firm. When anticipated, voluntary or involuntary transfers of know-how complicate cooperative R&D strategies in a non-trivial way (e.g. Spence, 1984; Katz, 1986; D'Aspremont and Jacquemin, 1988; De Bondt and Veugelers, 1991; Kamien et al., 1992; Suzumura, 1992; Vonortas, 1994; De Bondt, 1996; Leahy and Neary, 1997; Katsoulacos and Ulph, 1998) . A finding in most models is that spillovers increase the relative profitability of R&D cooperation once spillovers are sufficiently high, i.e. beyond a critical level (De Bondt and Veugelers, 1991) . On the other hand, models considering free riding problems in joint ventures have found that higher spillovers also increase the incentives to cheat by partner firms and the profits from free-riding by outsiders to the cooperative agreement (Kesteloot and Veugelers, 1995; Eaton and Eswaran, 1997) . These results emphasize a dual role of spillovers: outgoing spillovers may jeopardize the cooperative agreement while incoming spillovers increase the attractiveness of cooperation.
More recent IO models take into account that firms can attempt to manage spillovers, trying to minimize outgoing spillovers while at the same time maximizing incoming spillovers Martin, 2002; Amir et al., 2003) . Firms can increase the effectiveness of incoming spillovers by investing in babsorptive capacityQ. Cohen and Levinthal (1989) show that external knowledge is more effective for the innovation process when the firm engages in own R&D. Increased absorptive capacity through investments in internal R&D efforts thus increases the effectiveness of incoming information. In addition, the choice of research approach by the firm influences the appropriability conditions it faces and the extent of incoming spillovers it enjoys. Kamien and Zang (2000) derive a model in which firms that cooperatively choose their R&D expenditures seek to maximize information flows (their incoming spillovers) by choosing broader research directions for the research joint venture.
IO research on R&D cooperation has paid little attention to the different types of potential partners. It has typically considered horizontal cooperation, i.e. between competing firms, stressing the importance of the degree of product market competition. When firms are not direct competitors but market independent or complementary goods, cooperation is associated with higher R&D investment levels independent of any critical level of spillovers (De Bondt et al., 1992; Röller et al., 1997) . In such a setting where firms are less direct competitors, joint R&D and possible cheating have no detrimental effect in terms of strengthening the product market position of the rival. A similar logic holds for inter-industry cooperation with firms in unrelated markets (Steurs, 1995) and vertical cooperation with suppliers (Atallah, 2002) , although in the latter type of cooperation commercially sensitive information may also leak out to competitors through common suppliers or customers.
The management literature typically analyzes cooperation from a transaction costs and resource-based framework (Tyler and Steensma, 1995) . The transaction cost approach describes alliances as a hybrid form of organization combining aspects of hierarchical transactions within the firm and arm's-length transactions in the market place. Cooperation may reduce transaction costs through a better control and monitoring of technology transfer than on arm's length markets, while the inherent reciprocal relationship and bhostageQ exchange between partners with complementary capabilities can minimize opportunism (e.g. Pisano, 1990; Hennart, 1988) . The resource-based view of the firm suggests that the rationale for partnerships is the value-creation potential of pooling firms' resource bases. Cooperation is viewed as a mechanism to maximize firm value through effectively combining the resources of the partners by exploiting complementarities (Kogut, 1988; Das and Teng, 2000; Hagedoorn et al., 2000) .
The management literature further provides helpful insights to pinpoint different motives and problems for R&D cooperation with different types of partners. The importance of lead customers in helping to define innovations and, therefore, to reduce the risk associated with their market introduction, has already been long recognized (Von Hippel, 1988; Schmookler, 1966) . This provides a major motive for cooperation with customers in the development of particularly novel or complex new products (Tether, 2002) . The goal of vertical cooperation with suppliers has been linked more to cost reduction, related to the tendency of firms to focus on core competences, outsource activities to suppliers and/or develop close collaborative arrangements with suppliers to reduce costs. 1 Recent work on industry-science collaboration has shown that cooperation between universities and industry has intensified (e.g. Hall et al., 2000) . Firms look for public science as one of the external sources for rapid and privileged access to new knowledge and to increase the firms' engineers understanding of scientific developments. Science is more important as source of information for innovation in those science-based technology fields where new breakthrough innovations can be achieved and transferred to applied research and translated into new products and processes (e.g. Klevorick et al., 1995) . In particular, when coupled with the available public funding opportunities, cooperation arrangements with academia are increasingly seen as an inexpensive source of specialist knowledge. Furthermore, the more generic nature of research projects with universities and research institutes involves fewer appropriation issues as compared to the more commercially sensitive content when cooperating in later development stages with customers/suppliers and-a fortiori-competitors .
In summary, the IO literature suggests that spillovers increase incentives to cooperate in particular if cooperation allows firms to enhance knowledge transfers among the collaborating partners. However, if incoming spillovers are associated with outgoing spillovers they have a more ambiguous effect on competitor collaboration as collaborating product market rivals benefit more from a firm's R&D effort. These appropriability considerations are much less important for vertical (supplier, customer) and institutional collaboration. Firms that increase their absorptive capacity through larger R&D investments are more likely to benefit from cooperation. In case of competitor cooperation, higher R&D investments lead to a greater pool of know-how on which the partner firms can potentially free-ride. The management literature indicates that different R&D partnerships may be engaged in for different purposes, with customer cooperation more focused on bringing to market adapted or improved products, supplier cooperation more focused on cost reduction, and university cooperation focused on new generic technologies and product families in sectors with greater technological opportunities.
Empirical research
There is an expanding empirical literature on the determinants of R&D cooperation. Given the difficulties in empirically assessing the profitability of R&D cooperation, most studies indirectly focus on explaining the frequency of occurrence of R&D cooperation to assess which characteristics are more beneficial to R&D cooperation. 2 Product complementarities among partners are found to positively affect the likelihood of R&D cooperation (Röller et al., 1997) . Sakakibara (1997) finds that access to complementary knowledge is one of the most important objectives of establishing government sponsored research cooperations in Japan. This is in line with Narula's (2002) finding that access to complementary technology has the highest importance among motives for R&D cooperation for European ICT firms. Tyler and Steensma (1995) find that the ability to share cost and risks is important for the success of R&D cooperation. Fritsch and Lukas (2001), Röller et al. (1997) and Colombo and Garrone (1996) show a positive impact of firm size and R&D intensity of firms on R&D cooperation. This is reminiscent of the absorptive capacity idea that stresses the need to have in-house (technological) knowledge to optimally benefit from R&D cooperation. 3 Another line of empirical research has specifically taken into account the simultaneous relationship between R&D cooperation and in-house R&D activities. These studies have generally confirmed that, controlling for this simultaneity, internal R&D investments still have a positive impact on the probability or intensity of cooperation (Colombo and Garrone, 1996; Veugelers, 1997; Becker and Dietz, 2002) .
The relationship between R&D spillovers and R&D cooperation, as well as the potentially different determinants of alternative types of cooperation, have remained largely unexplored in empirical work. Empirical work on R&D cooperation distinguishing between the types of cooperation partner has often singled out specific types of partnerships, not taking into account the simultaneity among different types of cooperation. analyzed the impact of spillovers on cooperation but could only distinguish between research institutes and vertically related partners. They found that higher incoming public spillovers (knowledge available from public sources) positively affect the probability of cooperating with research institutes and universities. Greater appropriability of results of the innovation process (lower outgoing spillovers) increased the probability of cooperating with customers or suppliers, but was unrelated to cooperative agreements with research institutes. Kaiser (2002) applied a nested logit framework to analyze firms' R&D cooperation in the German service sector, distinguishing between the decision whether or not to cooperate and the decision which type of cooperation to choose. Here a distinction could only be made between vertical cooperation and a mixed category of university and competitor cooperation. The cooperation model had weak explanatory power and neither measures of spillovers nor variables proxying the research base of the firm were found to have a statistically significant impact. Tether (2002) , using UK CIS data, investigated the patterns of cooperation between innovating firms and different potential collaboration partners in a series of independent logistic regressions. He found firm size to be most influential in cooperation with suppliers and universities, but less so for cooperation with customers. Engagement in own R&D had a clear positive effect on all types of cooperation. Leiponen (2001) used a classification into four types of cooperation: competitors, suppliers, customers, and universities. The probit results for cooperation suggested that R&D intensity, firm size and membership of a larger group generally had positive impacts on the four types of cooperation. The results also showed higher probabilities of cooperation with universities (customers) in industries where spillovers from universities (customers) were important, but generally lower probabilities in industries where suppliers were an important source of incoming spillovers. 4 The latter result is consistent with the notion that in dsupplier dominatedT industries (Pavitt, 1984) , firms are more dependent on technological development coming from their suppliers and are less likely to engage in major product innovations, focusing on incremental process improvements requiring little formal collaboration. The analysis did not include firmspecific data on the importance of incoming spillovers.
Empirical model, data, and estimation method
This paper contributes to the growing empirical literature on R&D cooperation by estimating a multivariate probit model that jointly determines the decision to engage in four types of R&D cooperation: competitor, customer, supplier and (research) institutional R&D partnerships. While the nested logit approach used in previous work (Kaiser, 2002) does not account for the fact that firms can engage simultaneously in multiple cooperation agreements, the multivariate probit specification allows for systematic correlations between choices for the different cooperation types. Such correlations may be due to complementarities (positive correlation) or substitutabilities (negative correlation) between different cooperation types, e.g. the benefit of horizontal cooperation may be larger if the firm also cooperates with universities or research institutes. Positive correlation also arises if there are unobservable firm-specific characteristics that affect several cooperation decisions but that are not easily captured by measurable proxies, such as the stock of tacit knowledge. The multivariate probit model takes these correlations into account, although it is not able to distinguish between the two sources of correlation. If correlation exists, the estimates of separate (probit) equations of the cooperation decisions are inefficient.
Our panel dataset is constructed from two consecutive CIS surveys performed by Statistics Netherlands in 1996 and 1998, which allows us to take past values of independent variables (in 1996) to explain the existence of R&D cooperation in 1997-1998. This setup reduces simultaneity bias inherent to cross section analysis in a single year. According to the theoretical IO literature, the two main explanatory variables that are most likely to be simultaneously determined with the cooperation decision are incoming spillovers and R&D intensity: R&D investments may increase if cooperation makes own R&D activities more effective, and incoming spillovers are likely to increase through cooperation if only because of information sharing among partners. In our model setup using 2-year lagged variables such bias will be reduced, but it will not be completely eliminated. If R&D partnerships last longer than 2-3 years, the R&D intensity and the importance of incoming spillovers in 1996 are still partly affected by those R&D partnerships that were formed in or before 1996 and still in existence in 1998. In order to further reduce such potential simultaneity bias we follow two routes. First, we correct the spillover measures for systematic impacts of past or existing cooperation. The 1996 spillover measures are also affected by purposeful informational exchanges in past R&D partnerships. We adjust the spillover measure by regressing the 1996 spillover variable on the corresponding cooperation variables in 1996 and a set of industry dummies. The residuals of these equations are then included as spillovers that are not due to past cooperation. Secondly, we examine the determinants of cooperation among a sub-sample of firms lacking any cooperative agreements in 1996. This model of new cooperation allows us to test for the robustness of the impact of 1996 R&D intensity and incoming spillovers on the possible establishment of new R&D partnerships in the 1997-1998 period. Although this approach reduces the potential simultaneity between R&D (cooperation) and spillovers to a minimum, 5 its results need to be interpreted with care. Restricting the sample to firms without any type of R&D cooperation in 1996 among the set of innovating firms in 1996 excludes persistently cooperating firms-those firms that are most likely to engage in R&D partnerships. This selection itself creates a sample selection bias and reduces the number of observations considerably, which is likely to bias standard errors upwards. However, if tests on this lower tail of firms inclined to cooperate replicate the results using the complete sample, we take this as a strong indication of the robustness of the results.
Data
The dataset used in this paper contains data at the establishment level (in this paper referred to as dfirmsT) from the CIS surveys in the Netherlands in 1996 and 1998. To create a panel data set, the 6315 innovating firms in the 1998 CIS survey are matched with the information on these firms in the 1996 survey: 2353 firms could be linked to the 1996 survey and were classified as innovating firms in that survey. 6 Due to missing values for some of the 1996 explanatory variables the number of observations used in the final sample is 2149. The distribution of cases for the four equations by the dependent variable is presented in Table 1 . There were 627 firms with R&D cooperation of some type among the 2149 innovating firms in 1998. Vertical cooperation is most prominent: supplier only (68), customer only (64), combined (71) or both combined with institutional cooperation (66). A total of 72 firms have cooperative agreements of all four types. The model restricting the sample to firms with newly formed cooperative agreements or no R&D cooperation at all uses a smaller sample of 1484 firms, in which the number of firms with cooperation in 1998 is substantially reduced to 269.
Dependent and independent variables
The dependent variables of the model are four dummy variables equal to one if the firm was engaged in 1998 in an active R&D partnership with competitors, suppliers, clients, or 5 The new cooperation model eliminates the potential reverse causality effect from R&D cooperation to spillovers and R&D, but it does not completely do away with unobserved heterogeneity bias: even among firms that are not cooperating in 1996, there may be a correlation between the profitability of cooperation, R&D intensity, and spillovers due to unobserved firm characteristics. 6 Information on explanatory variables is only available in the survey if firms are classified as innovating firms. Since we did not correct for a possible sample selection bias on innovating firms, the results need to be interpreted as applicable to innovation active firms only. research institutes and/or universities (institutional cooperation), respectively. The model includes a range of explanatory variables supported by our review of theoretical work and previous empirical models, but remains rather explorative given the lack of straightforward theoretical predictions available. Since it is our interest to explore the varying determinants of R&D cooperation between the types, we include each explanatory variable in all four equations to test whether some variable impacts cooperation of one type but not another. The descriptive statistics for the samples are presented in Table 2 . A detailed description of the variables is provided in Appendix A and a correlation table in Appendix D.
We include firm-specific and type-specific direct measures of the importance of incoming spillovers. 7 The firms are asked in the CIS survey to rate the importance of various external sources of information for the firm's innovation activities. We include the scores of importance of information from competitors, suppliers, customers, and the average of scores of information from universities and research institutions (institutional incoming spillovers). Our prediction is that R&D cooperation of a given type is more likely if incoming spillovers coming from the potential partners are more important. As noted supra, we estimate the impact of exogenous spillovers, i.e. not due to purposeful informational exchanges that arise through past cooperation. The adjusted spillovers are the residuals obtained from auxiliary regressions of the spillover variables in 1994-1996 on the corresponding cooperation variable and the set of industry dummies. 8 In addition, (Jaffe, 1986; Adams, 1990) , Euclidean distance, and geographic distance. According to a comparative study of various spillover measures by Kaiser (2002) both uncentered correlation and direct measures (used in our model) appear to capture spillovers quite accurately. 8 The auxiliary results of the spillover variables in 1996 on the corresponding cooperation variable and the set of industry dummies are presented in Appendix C.
we control for other incoming spillovers that may affect cooperation decisions, by including a measure of the importance of spillovers stemming from public sources (public incoming spillovers): the average of scores of the importance of patents, databases, trade literature and fairs. 9 A shortcoming of the Dutch version of the CIS questionnaire is the lack of a question to construct a measure of firm-specific outgoing spillovers or appropriability. Instead, we proxy outgoing spillovers through an industry level variable, taking the average of horizontal spillovers of firms in the same industry (cf. Leiponen, 2001) . The variable industry outgoing spillovers is constructed at the two-digit industry level and measures the mean of average scores of information obtained from competitors and patents reported by 9 The four spillover sources included in the model identify directly the source of the information in line with theoretical models and identify most relevant potential sources of information, regardless of the channel of information transfer. The public spillover measure, on the other hand, identifies the channel of the spillover (databases, trade fairs, patents) rather than the source and is likely to overlap with the direct measures (if information from competitors is important, it may reach the firm through patents or trade shows). Inclusion nevertheless controls for spillovers that may affect cooperation but are not covered by the direct source specific measures. all competing firms in the industry. If firms in the industry report that they obtain important information from competitors and through published patents (filed among others by competitors), appropriability conditions in the industry are weak and this may negatively affect the propensity to cooperate. Industry outgoing spillovers is expected to impact horizontal cooperation negatively since it measures spillovers to same-industry competitors.
We include R&D intensity and R&D intensity squared, allowing for a non-linear impact of R&D (measured as the number of R&D personnel over total personnel) as explanatory variables. Increasing levels of R&D intensity up to a point will be closely correlated with absorptive capacity. Further increases may be less effective in expanding absorptive capacity due to diminishing scale economies or may be associated with the conduct of idiosyncratic in-house R&D efforts. Hence, we expect a concave relationship, with the marginal effect of R&D intensity declining. Following previous theoretical and empirical work, we also expect the relationship between R&D intensity and R&D cooperation to differ depending on the type of cooperation partner. In case of horizontal cooperation, the positive relationship is predicted to be weaker than in case of vertical or institutional cooperation. A large R&D base is likely to be associated with stronger proprietary knowledge and greater risks for the firm of leakage of information in cooperation with competitors. This risk is less important in case of cooperation with research institutes and suppliers and customers.
In line with the existing literature, we also include firm size (the logarithm of the number of the firm's employees) as an explanatory variable. We expect that the larger the firm, ceteris paribus, the more likely it is that it engages in R&D cooperation. For any given level of R&D intensity, larger firms perform more R&D and are more likely to possess the necessary absorptive capacity to benefit from R&D cooperation. Larger firms are also more likely to be engaged in multiple technologies that may require various R&D partnerships. The largest absorptive capacity and R&D intensity is likely to be required to absorb scientific knowledge stemming from universities (Leiponen, 2001) .
The propensity to engage in cooperation is also affected by the presence or absence of partner firms with complementary resources in R&D, and the ease with which suitable partners can be located. Both are likely to be related to the presence of large innovating firms in the industry. We aim to control for this influence in case of horizontal cooperation by including the variable industry average innovative firm size (mean of turnover of all innovating firms in the two-digit industry). We expect a positive impact, but only on horizontal cooperation. 10 We include three firm-specific measures that aim to capture factors hampering the innovation process of the firm, potentially pushing the firm to search for cooperation partners. This follows the perspective of the management literature on R&D alliances on 10 The average size of innovative firms in the industry is correlated with market concentration, such that its impact may also pick up an effect of industry concentration on cooperation (see e.g. Katsoulacos and Ulph (1998) on the potential anti-competitive effects of research joint-ventures). However, including a C4 concentration ratio in the model in addition to the innovative firm size variable did not change the latter's significance while the impact of the C4 variable was not significantly different from zero for any of the cooperation types. the various motivations for partnerships. Cost constraint captures bottlenecks caused by lack of financial resources or high costs of new innovation projects. Risk constraint captures bottlenecks caused by financial uncertainty (profitability) or uncertain market conditions. Organizational capability constraint is an average of ranked scores of the bottlenecks that relate to the firm's shortage of (R&D) personnel, lack of knowledge, and organizational rigidity that cause the delay or abandonment of new innovation projects or the failure to start these. These constraints are expected to provide an incentive for firms to cooperate to reduce the costs, risks, and organizational constraints of R&D.
In case of rapid technological developments it is likely that firms want to be active in multiple technological trajectories which buys them options to expand in the technology directions that eventually prevails (e.g. Tyler and Steensma, 1995) . Such rapid technological developments are most likely to be a feature of dscience basedT industries characterized by strong technological opportunities and relying on scientific developments in scientific institutions (Leiponen, 2001; Klevorick et al., 1995; Pavitt, 1984) . To proxy for the speed of technological change we take the ratio of the number of firms in the two-digit industry that reported that they had introduced products new to the industry to the number of firms that did not introduce new products, weighted by firm size. We expect that firms operating in industries characterized by rapid introduction of completely new products have a higher incentive to engage in cooperation, but primarily with research institutions. One problem with this measure is that the question on new products may not adequately pick up technological change in the services sector. To get an unbiased impact of speed of technological change we include a service dummy. If service sectors are more technologically active than the speed of technological change proxy suggests, the service dummy will have a positive sign correcting for this bias in the variable. Naturally, the service dummy in addition will pick up any systematic differences in cooperation between manufacturing and service sectors beyond this bias. 11 We also control for the relative importance of information used in the innovation process coming from other establishments that are part of the same firm group. Internal knowledge flows is the ratio of the score on the importance of information from other firms within the group to the importance of external spillovers (sum of scores of all external sources of information). We expect a negative impact on cooperation, as firms that rely more on internally generated know-how, perhaps because of unique innovation processes or technologies, are less likely to see benefit in cooperation with external partners. Table 1 11 One may expect more differences between sectors in the propensity to cooperate due to the divergent technological trajectories (e.g. Pavitt, 1984; Leiponen, 2001) . We ran separate models for manufacturing and services firms only but found remarkably little differences in explanatory factors. To check the consistency of the estimation results further, we estimated an alternative model including a full set of industry dummies. Since performing this test within the multivariate probit framework (a four-equation model with 17 dummies) is exceedingly burdensome computationally, we could only run tests for the individual probit equations. In three out of four cases (the exception was supplier cooperation), the LR test did not reject the industry variable model (the LR tests were 17.6, 27.6, 20.1 and 12.2 for competitor, supplier, customer and institutional cooperation, respectively). With the exception of a higher estimated standard error for supplier spillovers, the spillover and R&D variables remained robust. We therefore present the more informative industry variable model. indeed shows that the mean of the internal knowledge flow variable is lower for cooperating firms than for non-cooperating firms, while the means for the incoming spillover variables are higher for cooperating firms.
We include a dummy for firms that are part of a domestic group. It takes the value 1 if an establishment is part of a larger firm grouping. Firms that are part of a larger group may draw on group financial and technological resources that make them more attractive as cooperation partners, but at the same time such firms may have fewer incentives to cooperate with outside partners. 12 In addition, we include a dummy variable multinational firm, taking the value 1 if the headquarters of the group to which the firm belongs is located outside the Netherlands. 13 Finally, we control for the possible role of R&D subsidies, by including a dummy taking the value one if the firm stated that it received an R&D subsidy. On the one hand, R&D subsidies can moderate financial bottlenecks for the firm's R&D activities and hence reduce the need to cooperate to share costs. On the other hand, given that a variety of R&D national and European subsidy schemes are aimed particularly at promoting R&D cooperation, the availability of R&D subsidies may make the difference in motivating firms to establish R&D partnerships. These schemes often target precompetitive and basic R&D cooperation (e.g. with universities) but are less often aimed at R&D partnerships with competing firms. However, we cannot measure the availability of subsidy schemes but only the actual receipt of subsidies by the firms. If indeed R&D subsidies are conditional on cooperation, there will be a strong positive correlation between subsidies and cooperation but this is due to a simultaneous relationship between the two rather than a causal effect of subsidies. By comparing results of the full model with results of the new cooperation model we will be able to further examine the different effects of subsidies.
Model and estimation method
Our model consists of four binary choice equations. These choices are for horizontal (competitors), customer, supplier and institutional (universities, research centers) cooperation, respectively. We have four binary dependent variables y 1 , y 2 , y 3 and y 4 where A) where A is the covariance matrix of the error terms. The error terms are likely to be correlated if only because of omitted variables in these choice processes. If one does not take this into account, for example with four separate probit 12 Note that the internal spillover variable already corrects for a potential greater inclination towards intragroup rather than external R&D cooperation for firms. 13 A sizeable proportion (27%) of the establishments are owned by foreign multinationals. The dependent variable includes a limited number of international R&D partnerships. We also ran the models limiting the analysis of R&D cooperation to domestic cooperation. As expected, we found a stronger negative impact of the multinational firm dummy, but no important changes in the overall results. equations, inefficient estimators result. To capture the possible interdependence of yes-or-no decisions we employ a multivariate limited dependent variable (multivariate probit) model. The computation of the maximum likelihood function based on a multivariate normal distribution requires multidimensional integration. Simulation methods have been proposed (see Train, 2002, chapter 5) to approximate such a function. The GHK simulator (Geweke et al., 1997; Hajivassiliou et al., 1996) has been a particularly popular choice 14 . We will follow the GHK simulator approach and choose a simulated maximum likelihood estimator that also offers possibilities of cross-equation tests and restrictions in parameters. 15 Table 3 reports the results of the multivariate probit model for the complete sample of 2149 observations. First of all, we note that the correlation coefficients of the error terms in the multivariate probit are positive, ranging from 0.636 to 0.834, and highly significant. 16 This supports the notion of interdependence between the different cooperation decisions, which may be due to complementarity in R&D cooperation strategies but also to omitted firm-specific factors affecting all types of cooperation. A second finding is that the estimated coefficients differ substantially across the equations, indicating the appropriateness of differentiating between cooperation types. In order to formally test this, we estimated a constrained specification with all slope coefficients forced to be equal. The likelihood ratio test statistic was 411.57 (76 degrees of freedom), decisively rejecting the null hypothesis of equal slope coefficients. This result strongly indicates the heterogeneity in cooperation strategies and, consequently, the unsuitability of aggregating them into one cooperation variable (cf. Fritsch and Lukas, 2001; Janz et al., 2003) .
Empirical results
The hypothesis that source-specific incoming spillovers positively affect the probability of cooperation is confirmed. All spillover variables have significantly positive impacts on the respective cooperation type. The results suggest that firms tend to gravitate to the cooperation type that has the potentially highest value in terms of incoming knowledge. Customer and supplier incoming spillovers are significant the 5% level, while competitor incoming spillovers is significant at the 10% level (two-sided), but clearly smaller in impact. This finding is consistent with the theoretical literature on R&D cooperation which predict a weaker relationship between spillover levels and cooperation for competing firms 14 Another possibility is to apply GMM along the lines of the estimator proposed by Bertschek and Lechner (1998) . This estimator is shown to have good small sample properties and to have limited efficiency loss compared to maximum likelihood. Greene (2004) , using the same data as Bertschek and Lechner (1998) , shows that maximum likelihood estimates using the GHK simulator are very close to GMM estimates. 15 The results are obtained with a Stata routine due to Cappellari and Jenkins (2003) and are based on 200 random draws. Hajivassiliou and Ruud (1994) prove that under regularity conditions the simulated maximum likelihood estimator is consistent when both the number of draws and observations goes to infinity. Gourieroux and Monfort (1996) show that it has the same limiting distribution as the (infeasible) maximum likelihood estimator if in addition the ratio of the square root of the number of observations over the number of draws approaches zero. 16 For comparison we also report the results when using four independent univariate probits in Appendix B.1. compared with vertically related or unrelated firms (e.g. Atallah, 2002) . This result holds when incoming and outgoing spillovers are not separately identified. We may measure this weaker impact on competitor cooperation because the model may not sufficiently correct ( for outgoing spillovers at the firm level. 17 Institutional incoming spillovers have a positive and strongly significant effect in all four cooperation equations, and, as expected, the largest impact on institutional cooperation. The impact on vertical (both customer and supplier) cooperation and horizontal cooperation suggests that institutional incoming spillovers are more generic in nature, improving the general effectiveness of the firm's R&D activities and stimulating vertical and horizontal cooperation as well. This is consistent with the notion that for firms for which science is more important as a source of knowledge, there exist greater technological opportunities, enhancing the effectiveness of various innovation strategies (Klevorick et al., 1995; Leiponen, 2001) . Also, the importance of this type of incoming spillovers may reflect that the firms are engaged in basic R&D, such that information sharing within R&D cooperation is more effective (Katsoulacos and Ulph, 1998) .
Industry outgoing spillovers has the expected negative impact on horizontal cooperation, but it just fails to reach conventional two-sided significance levels. 18 With the source-specific spillovers included, there is no additional impact discernable of incoming public spillovers, perhaps because these measure partly the channel through which spillovers of various sources reach the firm and do not constitute new sources of information.
The effect of R&D intensity on the probability of cooperation is positive and concave as expected, with the linear term positive and the quadratic term negative, but there are differences between cooperation types. A robust concave relationship is estimated for supplier, customer, and institutional cooperation, with the maximum impact reached at rather high levels between 0.137 and 0.196 (percentage of R&D employees over total employees). For competitor cooperation both terms are insignificant with the coefficients substantially smaller than in the other cooperation equations. On the other hand, the F-test on removing both R&D intensity terms from the horizontal cooperation equation is rejected and a specification in which the quadratic term is dropped renders a significantly positive coefficient on the linear term (not reported here). Overall, these findings suggest a positive but weaker impact of R&D intensity on competitor cooperation. This is consistent with the notion that R&D-intensive firms in horizontal partnerships also face greater risks of leakage of their proprietary knowledge, which may outweigh the potential benefits of knowledge transfers due to cooperation.
Firm size is positive and significant in each of the equations, with the coefficient highest in case of institutional cooperation. Larger firms are more likely to have the critical size and absorptive capacity required to engage in R&D cooperation, and this effect is strongest for cooperation with universities. The industry average innovative firm size variable is positive and significant in the horizontal cooperation equation as hypothesized, and also marginally (10%) in the institutional cooperation equation. The availability of 18 The coefficient does reach significance in the univariate probit model reported in Appendix B.1. 17 The outgoing spillovers variable is measured at the industry level and hence not fully representative for the specific appropriability conditions for individual firms within the industry. An alternative explanation may be that firms rating horizontal incoming spillovers as important are more likely to be technology followers rather than leaders and are as such less attractive R&D partners. large innovating potential partners (nearby) appear to stimulate horizontal cooperative R&D. 19 The organizational capability constraint is significantly positive in the supplier and institutional cooperation equations. The risk constraint variable is significant and positive for both the competitor and supplier cooperation decisions, while the cost constraint variable has a positive and significant impact on institutional cooperation but a negative impact on supplier cooperation. Overall, the results confirm that the various types of constraints induce R&D cooperation strategies, while commercial risk sharing and access to complementary knowledge when faced with internal resource constraints appear to be the most consistent motivation for firms to seek R&D partners. The various constraints do not affect customer cooperation, perhaps because the goal of this type of cooperation is often to improve market acceptance or design features of new products, rather than to alleviate internal constraints.
The speed of technological change variable is found to have a positive and significant effect for the horizontal, customer and institutional cooperation decisions, but not for supplier cooperation. Firms in industries with shorter product life cycles and rapid technological developments are more inclined to cooperate with rivals or/and customers or to cooperate in generic technologies with research institutes and universities. The largest impact is estimated for institutional cooperation, consistent with the notion that for firms facing rapid technological developments and greater technological opportunities, collaboration with universities and research institutes is essential for innovative success. The speed of technological change variable may have been less adequately measured for the service industries and, therefore, we incorporated a service dummy expecting a positive impact if this dummy corrects for under-reported speed of technological change. The service dummy has the expected positive effect in the customer and competitor cooperation equations.
The effect of the internal knowledge flow variable is negative as expected in each of the four equations, but is only significant in the supplier equation. Firms that are part of a group are more likely to cooperate with suppliers and customers, but not with competitors or research institutions. The dummy for a multinational firm is negative and significant in the competitor cooperation equation: affiliates of multinationals are less likely to cooperate with local rivals, but are not less inclined to engage in vertical or institutional types of cooperation. Finally, the R&D subsidy variable has a positive and significant impact on vertical (both customers and suppliers) and institutional cooperation, which may suggest that subsidies promote pro-competitive R&D partnerships.
New R&D cooperation
The multivariate probit results obtained on the sub-sample of firms not (yet) cooperating in 1996 are presented in Table 4 . 20 The results are broadly in line with 19 Since the Netherlands is a small country, the majority of potential partners is in geographical proximity: The large majority of firms is located in a circle of less than 100 km around Utrecht. Perhaps in industries in which the average innovative firm size is larger, there is also a greater probability of R&D consortia involving large firms and universities. 20 For comparison, the results from the four binary probits on this sample are reported in Appendix B.2.
results for the complete sample. The standard errors are generally somewhat larger, which is likely to be due to a smaller sample (1488 observations) and the exclusion of consistently cooperating firms resulting in a much smaller percentage of cooperating firms. The source specific spillovers remain significant in their respective cooperation equations, while only the dgenericT effect of institutional spillovers on supplier cooperation appears less robust. The results for R&D intensity are by and large replicated, with the exception that the quadratic term for customer cooperation falls just below conventional significance levels. Overall, the findings indicate the robustness of results in the presence of potential simultaneity bias. A number of differences are also worth noting in the new cooperation equations. Firms that rate internal knowledge flows as relatively important appear less likely to form new supplier and research institutional links, an effect that was not identified significantly in the full sample model. The average size of innovative firm maintains its expected positive impact on competitor cooperation, while the positive impact on institutional cooperation disappears. The speed of technological change variable looses its significance in the competitor cooperation equation but remains robust in the institutional and customer cooperation equations. Group membership now loses its positive effect on cooperation and instead has a significantly negative impact on competitor cooperation. The greatest change in the results compared those for the full sample model occurs for the R&D subsidy dummy, as expected. For the new cooperation sample, the coefficient of the R&D subsidy dummy no longer includes the effects of R&D subsidies that were granted conditional on R&D cooperation. Hence the results cannot be affected by simultaneity between subsidies and cooperation but reflect the effect of existing R&D subsidies on new R&D cooperation. While the estimated effect in the full model was significantly positive in supplier, customer, and institutional cooperation, these effects are now insignificant. The results suggest that the positive impact found for the full sample may indeed be biased upward by simultaneity between cooperation and subsidies. 21
Conclusion
This paper has explored the heterogeneity in the determinants of firms' decisions to engage in vertical (suppliers, customers), horizontal (competitors) and research institutional (universities and research labs) R&D cooperation. We took into account a broad set of determinants but paid particular attention to the effects of different types of spillovers, a central focus in the industrial organization literature on R&D cooperation. We limited potential problems of simultaneity bias between cooperation and its determinants (notably R&D intensity and incoming spillovers) by utilizing a two-period dataset on innovating firms, which allowed us to employ lagged variables. 21 Such bias may be caused by a positive impact of R&D subsidies in 1996 effectively allocated to joint R&D projects set up around that time but still in existence in 1998. The individual probit result for the impact of R&D subsidies on horizontal cooperation, as reported in Appendix B.2, is even found to be significantly negative. This could point to an alternative impact of subsidies in alleviating financial constraints: R&D subsidies moderate financial bottlenecks for the firm's R&D activities and hence reduce the need to cooperate. Non-cooperating firms that have received subsidies would be more likely to find it optimal to rely on internal R&D efforts instead of sharing funds and research results with competitors.
In addition, we considered a sample of firms that had not cooperated in the first period, further minimizing potential simultaneity problems. We used a multivariate probit model to reflect that firms consider simultaneously the decisions to cooperate with various partners. We found significantly positive correlations between the equations, which might indicate that the various cooperation decisions tend to be viewed by the firms as complementary rather than substitutes, but could also be due unobserved firm heterogeneity.
Our results confirmed that incoming source-specific spillovers are an important determinant of R&D cooperation: cooperation with a type or partner is significantly more likely if incoming spillovers from that type of partner are more important for the firms' innovation process. We found a smaller impact of competitor spillovers on horizontal cooperation, consistent with stylized results from theoretical industrial organization models of R&D cooperation, where spillover levels have a less unambiguously positive impact on R&D cooperation with competing firms than on cooperation with vertically or unrelated firms. Another finding was that incoming spillovers from universities and research institutes stimulate cooperation of all types, suggesting that this knowledge is more generic in nature and improves the technological opportunities and general effectiveness of the firm's R&D activities and R&D cooperation strategies.
R&D intensity has a positive impact on vertical and institutional cooperation, with a decreasing marginal impact for highly R&D intensive firms. A weaker positive impact was found for horizontal R&D cooperation with competing firms, consistent with the notion that firms in horizontal partnerships also face greater risks of leakage of proprietary knowledge. Firm size has a positive impact on all four types of cooperation, as larger firms are more likely to have the critical size and absorptive capacity required to engage in R&D cooperation. The largest firms were more likely to cooperate with universities and research institutes, suggesting that small and medium sized firms often do not have the critical size to cooperate effectively with science institutions. Risk and organizational constraints in the firm's innovation process generally had a positive impact on R&D cooperation, with the most robust results for the commercial risk factor being on horizontal cooperation and for organizational constraints on supplier and institutional cooperation. R&D cooperation with institutions, customers, and competitors were found to be more likely in case of a greater speed of technological change in terms of new product introductions in the industry. Foreign multinationals were found to have a lower propensity to engage in horizontal cooperation, but were not less inclined to cooperate vertically or with universities and research institutes. The estimated impact of R&D subsidies proved to be sample sensitive: received subsidies had a positive effect on R&D cooperation in the full sample model, but not in the model for new cooperation, suggesting that the positive impact is not generic but stems from those subsidies that are granted conditional on cooperation.
The results show that there is merit in disaggregating R&D cooperation by type of partner and that there are substantial differences in the motives and determinants of the different types of cooperation. Further empirical work in this area would greatly benefit from an extension of theoretical models to other types of R&D partnerships than horizontal cooperation. High on the agenda of future empirical work is analysis of potential complementarities between cooperation types, i.e. the choice of multiple R&D partnerships, and the effects of these on innovative performance. ( 0.0001 0.0017 À0.0068 À0.0057 0.0057 À0.3719 À0.0915 À0.0177 À0.0132 À0.0359 À0.0141 À0.0563 À0.0639 À0.5080 15 À0.0947 À0.0831 À0.0931 À0.1096 À0.3329 À0.0458 À0.0240 À0.0097 0.0492 0.0126 À0.0279 À0.0020 À0.0466 À0.0885 0.0801 16 0.0184 0.0172 À0.0011 À0.0036 0.0899 0.1056 0.0312 0.0005 0.2446 À0.0017 À0.0002 0.0250 0.0340 À0.0023 À0.0031 0.0961 17 0.0031 À0.0087 À0. 
